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Solvent Triggered Irreversible Shape Morphism of Biopolymer

Films
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Accepted 00th January 20xx Amrita Rath®, P.M. Geethu", Santhosh Mathesan®, Dillip K. Satapathy and Pijush Ghosh™*
DOI: 10.1039/x0xx00000x We report controlled reversible and irreversible folding behavior of biopolymer film simply by tuning the solvent

characteristics. Generally, solvent triggered folding of soft membranes or film is succeeded by unfolding. Here, we show
www.rsc.org/ that this unfolding behavior can be suppressed/delayed or even completely eliminated by altering the intrinsic nature of
the solvent. A reversible folding of biopolymer film is observed in response to water, whereas, an irreversible folding in the
presence of an aromatic alcohol (AA) solution of different molar concentration is reported. The folding and unfolding
behavior originates from the coupled deformation-diffusion phenomena. Our study indicates that the presence of an AA
influences the relaxation behavior of polymer chains, which in turn affects the release of stored strain energy during
folding. Controlling the reversibility as well as the actuation time of biopolymer film by tuning the solvent is explained in
detail at bulk scale by applying appropriate experimental techniques. The underlying mechanism for the observed
phenomena is complemented by applying simulation study for a single polymer chain at the molecular length scale. These
solvent-triggered hygromorphic response of biopolymer film has a huge potential as a sensor, soft robots, drug delivery,
morphing medical devices and biomedical applications. We provide experimental evidence about the weight lifting
capacity amounting to ~200 times of its own weight for permanently folded membranes.

Here we report controlling the reversibility of the

Introduction biopolymer film by suitably designing the triggering solvent.
This strategy provides a promising insight into the designing of
functionalities have found a wide range of futuristic both reversible and irreversible/permanent folding behavior as
applications as soft actuators, morphing medical devices?™, well as a transition from reversible to irreversible folding and
1011 vice versa of the same biopolymer film with solvents.

artificial muscles® and implants®, soft robotics’, sensors'®", ) o .
drug deIiverylZ_” and many more. Different soft polymers such Moreover, it offers the possibility of having a control over the
actuation speed, rate and time of folding. The folding is due to

as shape memory polymer, electroactive polymer, elastomers ) . . ) ) ]
and hydrogels are gaining much attention as shape changing differential swelling across the thickness of the film. During
folding, the polymer chains at the bottom layer experience

materials owing to their large deformability, wider range of ) : ) ) )
mechanical properties, sensitivity to different stimuli, excellent tension, whereas the top layer chains are in compression. With
the passage of time, water diffuses further through the layers

biocompatibility and many more features'>. Numerous ) ] ) )
strategies to realize the three dimensional shape change of of the film thus, relaxing the polymer chains to restore their
equilibrium or preferred state. This relaxation is indicated

these polymers includes matrix modification, controlling ! ;
surface topography®, localized or external photo effect!® through unfolding phenomena of the film. However, the
unfolding process is strongly affected in the presence of

17,18
another solvent, i.e. aromatic alcohol (AA), which causes the

differential swelling””"", inclusions, hole programmingw,

hybrid bilayerszo, unbalanced thermal shrinkagen, capillary
film to undergo a permanent folding behavior. Interestingly,
the permanent shape can be made reversible as and when

forces®® etc. All these methods are suitably exploited

depending on specific utility.
required by altering the solvent characteristics. Further, the AA
solution affects the folding behavior in terms of time and

% Nanomechanics and Nanomaterials Laboratory, Solid Mechanics Group, speed of fOIdmg' Thus, solvent controllmg both rever5|b|||ty as
Department of Applied Mechanics and Soft Matter Center, Indian Institute of well as the actuation time of the folding behavior is a novel

, Technology Madras, Chennai-600 036, Tamil Nadu, India. ) concept which has a tremendous potential in advanced
"Soft Condensed Matter and Biological Physics Laboratory, Department of Physics

and Soft Matter Center, Chennai-600 036, Tamil Nadu, India. thera peUtiC a pplications.
t Footnotes relating to the title and/or authors should appear here. In our previous work”’ we have reported that the cross-

Electronic Supplementary Information (ESI) available: MOV_1: Flower shaped linking of the pristine chitosan film is an efficient means for a
opening and closing of the film; MOV_2: Reversible and irreversible folding of film; g p
MOV_3: Twisting of film; MOV_4: Valve like opening of the film; MOV_5: Pullingof ~ controlled and predictable pathway of folding while

single polymer chain during SMD; S.1:Experiment methodology details.See demonstrating its application as a possible sensor and soft
DOI: 10.1039/x0xx00000x

The stimuli responsive biopolymers with advanced

Published on 19 January 2018. Downloaded by University of Reading on 21/01/2018 08:47:23.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1



Published on 19 January 2018. Downloaded by University of Reading on 21/01/2018 08:47:23.

Soft Matter

ARTICLE

cargo. In this report, we utilize the similar cross-linked
chitosan film and demonstrate the possibility of having both
reversible and irreversible folding of the film with aromatic
alcohol (AA) medium as a trigger solvent. By changing the
molarity of the solvent, the reversibility is observed to be
affected and at a critical molar concentration, the film
undergoes a permanent folding. We have made an effort to
understand the underlying mechanism behind this irreversible
folding behavior at different length scales by applying
experimental techniques, such as dielectric relaxation
spectroscopy (DRS) and molecular mechanistic study
(Molecular Dynamics).

Results and discussion
Reversible Folding

A hygromorphic response of cross-linked chitosan film is
demonstrated by placing the film on water surface as shown in
Fig. 1. The self-folding behavior is observed only when one side
(bottom surface) is exposed to water contact due to
differential swelling across the thickness of the film. Diffusion
gradient is the primary driving force behind this folding
phenomenon. The differential water

Lo Wi

Fig. 1 (a) Schematic representation of the folding of the film due to water
diffusion (b) at any particular instant of time during folding, a portion of the
film thickness can be visualized to be disintegrated into different layers with
varying water content represented by L and W respectively, and (c) during
folding, the polymer chains in bottom region under tension and top region
in compression state with a zoomed in view showing all the possible
interactions between chitosan, aromatic alcohol and water molecules.
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volume at the bottom layer compared to its immediate top
counterpart leads to the curvature. The diffusion of water
alters the mechanical stiffness of the matrix, which in turn
influences the diffusion behavior of the polymer.

Thus, the self-folding phenomena of the film is a coupled
diffusion-deformation phenomenon. The film in Fig. 1a can be
assumed to be dissected to various layers named as Li-1, Li and
Li+1 with water content (W) varying in a decreasing order as
Wi-1 > Wi > Wi+1 respectively, at any particular instant of time
during folding. In the folded stage, the polymer chains exists in
compressive strain and tensile strain state in two consecutive
top layer L; and bottom layer L;,, respectively. With further
diffusion of water, chains in layer L; changes from compressive
to tensile state and so also the other consecutive layers. This
continues across the thickness until the entire structure folds
and overall compression and tensile regions are separated by
the neutral axis of bending as shown in Fig. 1c. During folding,
the effect of diffusion gradient predominates; however, as this
gradient reduces with more absorption of solvent, the
relaxation phenomena takes over causing the film to unfold.
The presence and interaction of water molecules at the
proximity of the chitosan functional group facilitates the
necessary conformational changes of the polymer chains. As a
result, the strain energy stored due to bending or complete
folding is released by the film through the phenomenon of
unfolding.
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Irreversible/Permanent Folding

The permanent folding behavior is observed for CS films in
response to AA solution. This is due to the modification of the
diffusion characteristics of the solution through alteration of
polymer chain conformation. This reduces the degree of
freedom of the polymer chain thus leading to irreversible
behavior.

This journal is © The Royal Society of Chemistry 20xx
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The underlying mechanism responsible for this behavior is
explained in detail in the subsequent sections. The folding
behavior of thin film is studied at different length scale to gain
comprehensive understanding of the phenomena. In this
study, the focus is on addressing both the bulk scale as well as
the molecular scale mechanism affecting the folding behavior.
Dielectric spectroscopy experiments (DRS) are performed to
measure the response of the polymer chains to solvents,
quantified by the polymer chain segmental mobility, which
affects the properties of polymer in bulk. At the molecular
scale, the reason behind the stiffness variation is understood
by performing molecular dynamic simulation (MD) study.

Characterization of Permanent Folding

This article focuses primarily on the irreversible nature of
folding triggered by appropriately designed solvent medium.
Our previous work explains in detail the reversible and path
controlled self-folding behavior of chitosan biopolymer film in
response to water'’. Few examples of various permanently
acquired shapes of chitosan films upon exposure to the solvent
are demonstrated in Fig. 2. Each of these permanent folding
has reversible counterpart depending on applied trigger
solvent characteristics (Refer MOV_1 to MOV_4 in
supplementary video). The rational behind choosing resorcinol
(aromatic alcohol) as a trigger solvent was to study the
competitive interaction with water which has also a similar
reactive -OH group that form H-bond with the reactive sites of
chitosan, thus affecting the folding behavior. Resorcinol being
one of the simplest aromatic alcohols which closely resembles
OH group and benzene ring in amino acids was thus applied,
also keeping in mind the extension of this study in future to
biological molecule.

The permanent folding is further dependent on the molarity
of the AA solution. With an increase in the molarity of the
solution, the diffusion process gets slowed down, reducing the
rate of folding (d6/dt) and thus increasing the actuation time
of folding as shown in Fig. 3. The folding rate during the entire
span of folding is observed to be non-uniform. In case of
reversible folding, the complete folding of the film is followed
by unfolding phenomena, tracing back the same pathway of
folding. However, at and above a critical molar concentration
(4M), the film does not unfold and thus permanently retains its
shape even after the removal of the trigger solution.

The folding behavior of the film is characterized further by its
responsiveness to the solvent or triggering medium. In this
case, it is calculated till both ends of the film connect to each
other as shown schematically in Fig. 4. The responsiveness is
experimentally measured by the total folding time (T) which is
the sum of i) response time T, and ii) initiation of the folding to
end of folding time T, as shown in Fig. 4.

T, is the time taken for the film to initiate folding from the
point it is placed on the solution. This time T, primarily
depends on the occupancy of the available free sites at the
film surface by solvent molecules, whereas, T, is dependent on
the overall diffusion characteristics of the film matrix. The
total time T, increases with an increase in the molarity of the
solution varying in the time scale between 20 s to 100 s. As

This journal is © The Royal Society of Chemistry 20xx
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The film can withstand ~200 times loa

compared to its own weight
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Fig. 2 Snapshots of permanently acquired folded structures in response to solvents,
(a) and (b) load carrying folded structure, (c) twisting effect, (d) opening and closing of
valve and (e) flower shaped folding (Attached supplementary videos).

observed from the experiments, the response time, T,
gradually increases with the increase in molarity till the critical
concentration is reached, beyond which there is no further
increase in T;. The primary contribution of folding comes from
time T,, which gets affected significantly with increasing
molarity.

The reason behind increasing time T, with increasing
molarity is due to the number of available water molecules to
interact with the reactive groups of chitosan chains. It starts
reducing as a result of increased interaction with AA molecules
which is explained in detail later in the mechanism section.
One deviation is observed for reported time T, for 8M, which is
found to be less compared to T, of 6M. This is because the
extent of folding or folding curvature reduces with higher
molarity, thus measuring lower folding time. It is to be noted
that the reversibility of the film can be restored by
appropriately lowering the concentration of AA as and when
necessary.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 A graph showing x and y coordinate of the film folding at T>= 20 s. As observed,
at a given time, the folding decreases as molarity of the solution increases.
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Fig. 4 A plot showing the effect of molarity on the time of the folding of the film.

Apart from folding behavior characterization, the
mechanistic understanding of the pristine and cross-linked
chitosan film is important for designing purpose. The depth
sensing nanomechanical characterization is performed to
determine the material Young’s modulus (E) and hardness (H).
The E and H values obtained for pristine CS and cross-linked CS
film are 1.49 + 0.07 GPa and 0.11+0.01 GPa and 3.08 £ 0.15
GPa and 0.21 + 0.005 GPa respectively. Owing to the small
dimension of the film in the actual field of use and higher
spatial resolution, quasi-static nanoindentation is a convenient
technique compared to bulk mechanical characterization. The
detailed method of nanoindentation is reported in our
previous papers>>"’.

Irreversible/Permanent Folding Mechanism

Dielectric Relaxation Spectroscopy (DRS)

Dielectric relaxation spectroscopy provides information on
segmental mobility and relaxation dynamics of polymers as a
function of the frequency of applied AC voltage. The response
of the polymer is derived from the interaction of the electric
dipoles present in the polymer chain with the applied
alternating electric field and the resulting relaxation kinetics.

4| J. Name., 2012, 00, 1-3
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For a dry chitosan film, a dielectric relaxation is observed in
the frequency range from 10 Hz to 10 kHz at room
temperature (~27 °C) and is attributed to the B-process which
is associated with local motions of side groups in chitosan®**>.
The water present in chitosan leads to devitrification and
enhances the segmental mobility of chitosan polymer
chains®®?’. The observed B-relaxation in chitosan-water
complex is modeled using Cole-Cole function®®% given by
Eq. (1)

Ag Opc

1+ (io7)" 08,

(1

where, €.. is the real part of permittivity at high frequencies, t
is the characteristic relaxation time, Ae dielectric relaxation
strength and oDC is the dc-conductivity of the system. The
asymmetric broadening parameter a usually assume a value in
the range O<oa<l. The fitting parameters obtained using
Eq. (1) for chitosan film are given in Table 1.

Next, segmental mobility and relaxation dynamics of
chitosan polymer films are investigated in the presence of
different molar concentrations of AA. The frequency
dependence of real and imaginary part of dielectric
permittivity for chitosan films with four different molar
concentrations of AA, i.e. 2M, 6M, 8M and 10M are shown in
Fig. 5. The measured spectra are again fitted with Cole-Cole
function given by Eq. (1) and the parameters obtained from fit
are tabulated in Table 1. In the presence of AA molecules, a
decrease in B-relaxation time (t) of chitosan polymer chains is
observed as compared to that of chitosan chains in the
absence of AA molecules.

This clearly suggests an increased segmental mobility of
chitosan polymer molecules in the presence of added solvent.
Also, an increase in T is observed with the increase of molar
concentrations of AA as represented in Fig. 6a, indicating a
decrease in the segmental mobility of the chitosan polymer
chains. In other words, mobility of chitosan chains diminishes
upon increasing AA concentration.

axag’

LU T [ S

frequency {Hz) frequency (Hz)
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Fig. 5 The real and imaginary part of dielectric permittivity plotted as a function of
frequency for chitosan films with (a) 2M AA-water solution, (b) 6M AA-water solution,
(c) 8M AA-water solution and (d) 10M AA-water solution. The symbols show the
measured dielectric data and solid lines show the fits according to Eq.(1).

Alternatively, the change in relaxation time of polymers can
also be observed by measuring the electrical modulus
(M* =M’ +iM") as a function of frequency. The imaginary part
of M* for chitosan polymer films with different concentrations
of AA is shown in Fig. 6b. The peak value of M" shifts towards
lower frequency with increase in AA concentration, which
provides model-independent and direct evidences for the
decrease in relaxation time with increase in AA concentration.
This further supports the decreased segmental mobility of
chitosan chains and the associated stiffening of chitosan
polymer chains in the presence of AA-water solvent.

10}
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Fig. 6 (a) The B-relaxation time t for chitosan polymer chains with different molar
concentrations of AA-water solutions and (b) Frequency dependence of the imaginary
part of dielectric modulus M” for chitosan polymer with four different molar
concentration of AA solution given as 2M, 6M, 8M and 10M. The shifting of peak in M"
towards lower frequencies with increase in molar concentrations of aromatic alcohol is

shown.
Sample € Ag T(s) a
Chitosan film 3.7 9.7e+1 49e-3 0.64
Chitosan+AA (2M) 34 3.9e+5 9.7e-5 0.96
Chitosan+AA (6M) 10.9 3.7e+5 5.1e-4 0.95
Chitosan+AA (8M) 14.4 3.2e+5 3.5e-3 0.90
Chitosan+AA (10M) 18.2 1.2e+5 4.4e-3 0.89

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Fitting parameters €oo, Ag, T, a and B obtained using Eq. (1) for chitosan film
and chitosan with four different molar concentrations of AA solution given as 2M, 6M,
8M and 10M.

Molecular Dynamics Study (MD)

The phenomena taking place at the bulk scale is the
consequence of sequences of events at the molecular scale.
Therefore, a MD study has been performed to understand the
underlying molecular mechanism in response to solvent
medium and address its bulk scale phenomena affecting the
reversibility of the folding. A single polymer chain unfolding is
modeled to get an insight into the fundamental molecular
interaction with and without the presence of AA molecules.
Stiffness is one of the contributing factors responsible for
reduced chain flexibility, which is also measured at bulk scale
applying DRS study. Further, MD study is applied to discuss on
the molecular origin of difference in the chain stiffness by
analyzing the chain dynamics using radial distribution function
(RDF), dihedral angle variation and analyzing the strength of
H-bond. The steered molecular dynamics provides the detailed
information associated with molecular deformation mechanics
from the obtained force-displacement (F-D) profile. The slope
obtained from the F-D profile can be considered to be a
quantitive measure of the stiffness of the polymer chain.
During pulling, this stiffness originates from the molecular
conformation and non-bonded interaction with the atoms at
closer proximity3o.

Stiffness of the model system

The load carrying behaviour of a single polymer chain system is
analyzed by pulling it in X-direction (Refer MOV_5 in
supplementary video). The PBC of the system is appropriately
considered. The chain is elongated up to a distance of about
30% of the molecular strain. [Strain = (AL/Lg) x 100; AL= Li-Lo,
where, L= molecular length at time, t and Ly is the initial
length]. The stiffness of the polymer chain is calculated from
slope of the F-D plot in the range between 5-15% strain for all
the simulation models. In this study, initial length, LO is
measured to be 350 A. A representative F-D plot for CS-Water
and CS-20M model is shown in Fig. 7 to compare the slope of
the plot. The stiffness value of the single polymer chain for
different solvent system has been reported in Table 2. The
values are the average of three simulations from different
initial structures. The results suggest gradual stiffening of the
polymer chains with increasing molarity of the AA solution.
The stiffness is primarily the measure of resistance to
deformation in response to any externally applied force. The
stiffness (s) of the single polymer chain at the molecular scale
affects the overall polymer matrix stiffness (K) at the bulk
scale. The stiffening of the polymer chains arises or varies due
to different conformational arrangement of the molecules.
This arrangement can be categorized as spatial and temporal
conformations which includes the intramolecular hydrogen
network® belonging to former category and the frequency of
forming and breaking of H-bonds belonging to later category.

J. Name., 2013, 00, 1-3 | §
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Sl. No. Model Type Stiffness (pN/A) Maximum Load (pN)
1 (e 31+4 700
2 CS-Water 17+3 1000
3 CS-2M 32+11 1200
4 CS-10M 37+4 1700
5 CS-20M 57+7 2000

Table 2. The stiffness value and the maximum load carrying capacity of all the
simulation models.

The interaction of reactive groups between water, AA
molecules with chitosan chain locally modifies the flexibility of
the chain by hindering the rotational degree of freedom which
is quantified by variation in the dihedral angle. The increase in
the stiffness of the chain is the consequence of the reduced
variation in the dihedral angle and vice versa. The dihedral
angle variation of the CS chain is measured to be less in the
presence of AA molecules as compared to water from MD
study. Thus, indicating stiffer polymer chains in the presence
of AA, i.e. Sgromatic alchol) > Swater- These are the localized
molecular phenomena observed throughout the matrix due to
the preferential interaction of AA with the chains. The overall
effect of these localized phenomena when transformed on a
global scale can be envisioned to be a contributing factor for
the continuum scale stiffness, qualitatively represented by
linear spring stiffness K. This indicates a stiffer polymer matrix
in the presence of AA molecules, i.e., Kromatic alcohol)> Kwater-

A consistent trend both at molecular as well as bulk scale is
observed for the stiffness of the polymer chains in the
presence of AA and water molecules. A detailed analysis of
dihedral conformation and its angle variation is presented in
the subsequent sections.

The other important factor is the strength of the H-bond
between chitosan—water and chitosan—AA model. It provides
an insight into the competitive interaction between water and
AA molecule to have more affinity to form H-bond with
chitosan chain and thus, affecting the chain stiffness as
discussed above.

2000
—— CS-Water
—— CS-20M
1500 WW Mﬁ
> e
£ 1000+
8
(=]
L
500
0 T T T T T
0 5 10 15 20 25 30

Displacement (A)

Fig. 7 A force-displacement plot obtained from SMD simulation for CS-W and CS-20M
model with spring stiffness, k=7 kcal/mo/A” and pulling velocity, v = 0.5 A/ps.
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H-bond Analysis

H-bond analysis is performed to examine the dynamics of the
water molecules in the polymer system. The amine and the
hydroxyl group present in chitosan polymer are the main
reactive sites for H-bond formation with hydroxyl group of
water and AA molecules. The radial distribution function (RDF)
between two atoms gives the probability of finding a particle
at a distance r from the reference point. Of all the reactive
sites examined, the most prominent peak is observed between
Og of chitosan and H of water as shown in Fig. 8a. Therefore,
the number of H-bond is calculated between these two atoms
and compared with all the models for further analysis. To
analyze the strength of the hydrogen bonding, H-bond analysis
is performed as a function of hydrogen bond distance, rap
(A:acceptor atom; D:donor atom) and geometry as angle, 6
between hydrogen atom and a highly electronegative atom
(O in this case). The hydrogen bonds are divided into high,
medium and low depending on donor and acceptor atom®>*,
A bond distance rap < 2.8 A and 8 < 20° is defined as high
strength H-bond, rap< 3.2 A and 6 < 30° as medium strength H-
bond and rap< 4 A and 6 < 40° as low strength H-bond.

The number of hydrogen bonds formed of varying strength is
shown in Fig. 8a. In a similar way, RDF between all the reactive
sites present in chitosan and AA molecules is analyzed. A
prominent peak is observed for H in OH of AA with Og of
chitosan polymer. Thus, the number of H-bond is calculated
between these two atoms as shown in Fig. 8b. The presence of
AA molecules largely affects the dynamics and molecular
behavior of the chitosan polymer. Fig. 8a suggests a reduction
in the interaction between chitosan and water with increase in
the molarity of the AA solution. The reactive sites in chitosan
interact with AA solution through formation of hydrogen bond
as shown in Fig. 9c, thus replacing the site earlier occupied by
a water molecule. A similar complimentary trend is observed
in Fig. 8b which shows an increase in the interaction between
chitosan and AA. As a result of increased interaction, it can be
conceptualized that AA molecules might be acting as a stable
hinge between two or more chitosan chains holding the entire
network together and affecting the overall chain flexibility as
shown in Fig. 9a.
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Fig. 8 Number of H-bond counts between (a) Og of chitosan with H of water and (b) Og
of chitosan with H of AA molecule.
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Fig. 9 (a) A schematic showing the matrix consisting of chitosan polymer chains
surrounded by water and aromatic alcohol molecules, (b) the variation of dihedral
angle in the presence of aromatic alcohol and (c) snapshot from VMD showing the H-
bond formation between reactive groups of chitosan and aromatic alcohol.

Next, the analysis of H-bond is performed and represented by
the count and strength of the bond. The count of the H-bond
shows an increasing trend with higher molar AA solution. To
understand a higher affinity of either water or AA towards CS,
the number of H-bond between CS and water in the absence
of AA and CS-AA for 20M solution is calculated. 20M solution

This journal is © The Royal Society of Chemistry 20xx

and medium strength H-bond is considered to be a
representative case for this count. It is observed that 34%
more number of H- bonds is formed between CS and AA
molecules as compared to water after normalizing the counts.
An increasing trend is observed for all strength of H-bonds,
which confirms a higher affinity of AA molecule to interact
with the CS polymer. Moreover, medium strength H-bonds is
observed to have a higher weightage as compared to low and
high strength H-bonds. The increased interaction of the AA
solution with chitosan has the potential to affect the dihedral
conformations of the chitosan chain. This is examined by
calculating the dihedral angle over the trajectories.

Dihedral Angle Variation

The flexibility and mobility of the polymer chain depends on
the molecular conformation specified by dihedral angle.
Chitosan has three important dihedral angles, x, ¥ and ¢ that
determines its molecular flexibility35 as shown in Fig. 10. These
dihedral angles are directly associated with atoms Og, and
indirectly associated with atoms O; and N respectively, thus
forming the potential site for H-bond formation. However, the
number of H-bond forming between N atom of chitosan with
water or AA is relatively less. Therefore, dihedral angle
variation is shown for x and W. The dihedral angle is calculated
by using output trajectory obtained during equilibration stage
in VMD for an initial time frame of 30 ps. The reason behind
choosing an initial time frame is that the hydrogen bond
formation is highly dynamic is nature due to continuous
making and breaking of bonds.

$:C2-C1-04-C4'
Y:C1-04-C4-C3
¥:05'-C5-C6’-06'

Fig. 10 A snapshot of chitosan chain showing various dihedral angles and the
corresponding atoms participating in angle formation®”.

A comparison of dihedral angle variation for CS-W and CS-20M
for three representative potential sites for hydrogen bond
formation is made. The same site is taken for comparison
between the two models. The variation of angle for the entire
range of calculation is 74° and 48° for angle x; 360° and 46° for
angle W for CS-W and CS-20M model, respectively. These
values are the difference between the maximum and
minimum measured dihedral angle. It shows a higher variation
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of dihedral angle, x for CS-W represented by 06"-C6-C5-05
angle as compared to CS-20M represented by 06°-C6-C5-05
dihedral angle as shown in Fig. 9b. These variations are even
more pronounced for dihedral angle W. The conformational
restriction offered by the dihedral angle of chitosan is due to
the formation of H-bond between chitosan and AA molecule.
This bond might break and reform again with water, thus,
chitosan chain gaining back its conformational freedom.
Therefore, it is also important to mention that the
conformational restriction is not observed for all the potential
reactive sites due to dynamic nature of the H-bond formation.
So, all the sites are carefully scrutinized by visual inspection
and the potential sites showing this variation are selected for
the purpose of comparison.

Conclusions

To summarize and conclude, the diffusion gradient across the
layer causes the film to fold. The rate of folding depends on
the magnitude of this gradient and the stiffness at particular
instant of time. The folding induces compressive and tensile
stresses which the film tries to reduce through the favorble
conformational changes of the chains. During folding, the
effect of diffusion gradient predominates; however, as this
gradient reduces with more absorption of solvent, polymer
tries to move from metastable state to a more stable state,
thus causing the film to unfold. The unfolding phenomenon is
a mean to release the strain energy stored due to folding. The
film in the presence of AA initially folds due to the existence of
differential swelling across the thickness. Subsequently, a
competitive interaction takes place between AA and water
molecules to occupy the site of chitosan. The study shows that
AA has more affinity to interact with chitosan as compared to
water. This interaction increases the stiffness of the chain
which prohibits free movements of polymer chains. The cause
of this enhanced stiffness in the presence of AA is studied at
two different length scales. The results from DRS experiments
suggest reduced mobility with the increasing molarity of
aromatic alcohol solution which is associated with the
stiffening effect of the chains. The results from MD showed a
higher load carrying capability of polymer chains with the
increasing molarity of AA solution. As observed, the dihedral
angle stiffness and hydrogen bond characteristic contributes
significantly to this chain stiffness in the presence of aromatic
alcohol.

Experimental Section

Cross-linked chitosan thin film of ~80 um thickness was
prepared by solvent casting method where Chitosan solution
(1.5% w/v) was prepared first by dissolving 150 mg of CS
powder in 10 ml of acetic acid (1% v/v). Glutaraldehyde is used
as a cross-linker and it is added to the already prepared CS
solution in order to obtain a cross-linked film. The solution
was stirred by keeping over a hot plate magnetic stirrer at
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~ 45° C for 2 hours forming a homogenous solution.
Rectangular size of 0.15 cm x 0.7 cm dimensions is applied for
folding studies. This dry film was placed on water and aromatic
alcohol (AA) solution of increasing concentration separately to
study the reversibility and irreversibility of folding behaviour.
For Dilelectric Spectroscopic Experiment, film of 20 mm
diameter was soaked in AA solution of varying molarity for
about 5 min till it reaches saturation. For molecular dynamics
simulation study, five models i) a single chain chitosan
polymer (CS), ii) chitosan chain solvated in water (CS-W),
chitosan chain solvated in a mixture of water and AA solution
of varying molarity, i.e. iii) 2M (CS-2M), iv) 10M (CS-10M) and
v) 20M (CS-20M) were built and studied. For the mechanism
study, a single polymer chain of chitosan consisting of 75
repeating units was built using Material Studio 6.0%° and pulled
applying spring constant of k= 7 kcaI/moI//"-\2 and pulling
velocity v = 0.5 A/ps. The details of the methodology is given in
Supplementary document (S.1).
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